Thermophilic bacteria belonging to Bacillus genetic group 5 have been reclassified as being members of Geobacillus gen. nov., with G. stearothermophilus as the type strain. Geobacillus species, literally meaning earth or soil Bacillus, are widely distributed and readily isolated from natural and man-made thermophilic biotopes. Work within our group has however shown that an abundance of genetically distinct Geobacillus isolates can be obtained from temperate Irish soils. As with many thermophiles there is considerable interest in potential industrial application of these bacteria and their gene products. This review describes two novel applications for Geobacillus isolates, firstly in the metabolism of the herbicide glyphosate and secondly in the metabolism of quorum-sensing signal molecules from Gram-negative bacteria. Finally the current state of the art is described for Bacillus genomics, with details given of three independent genome-sequencing projects of Geobacillus isolates.
Introduction
The genus Bacillus is a large, diverse collection of aerobic and facultatively anaerobic, rod-shaped Gram-positive bacteria that has undergone considerable reclassification as advances in molecular biology have revealed a high phylogenetic heterogeneity [1] . Whereas Bacillus and related genera include psychrophiles, acidophiles, alkalophiles and halophilic bacteria able to utilize a wide range of carbon sources for heterotrophic growth or grow autotrophically, it is a specific group of thermophiles, the genus Geobacillus, that this review concerns. Certain thermophilic aerobic spore-forming bacteria with growth optima in the range 45->70
• C were known to be classified into the genera Alicyclobacillus, Brevibacillus, Aneurinibacillus, Sulfobacillus, Thermoactinomyces and Thermobacillus [2] [3] [4] [5] . Molecular analysis, however, showed that the majority of such thermophilic bacteria described in the literature belonged to the genus Bacillus genetic groups 1 and 5 [1, 6] . Subsequently group 5 isolates were found to be a phenotypically and phylogenetically coherent group of thermophilic bacilli with a high 16 S rRNA sequence similarity (98.5-99.2%) [7] . As a consequence in 2001 the thermophilic bacteria belonging to Bacillus genetic group 5 were reclassified as being members of Geobacillus gen. nov., meaning earth or soil Bacillus, with the well-known Geobacillus (Bacillus) stearothermophilus being assigned as the type strain [7] .
continents where geothermal areas occur [8] . Geobacilli are also isolated from shallow marine hot springs and from deepsea hydrothermal vents, with Maugeri et al. [9] recently describing the isolation of three novel halotolerant and thermophilic Geobacillus strains from three separate shallow marine vents off the Eolian Islands, Italy. High-temperature oilfields have also yielded strains of Geobacillus with Nazina et al. [7, 10] reporting two novel species G. subterraneus and G. uzenensis, isolated from the Uzen oilfield in Kazakhstan. In addition Geobacillus species have also been recovered from artificial hot environments such as hot water pipelines, heat exchangers, waste treatment plants, burning coal refuse piles and bioremediation biopiles [11, 12] .
Whereas most work has concentrated upon the isolation of Geobacillus from natural and artificial high-temperature biotopes, our attention has focused upon strains of Geobacillus readily isolated from temperate soil environments [13, 14] . Initial studies surprisingly showed that thermophilic aerobic bacilli could be readily isolated in large numbers from a range of temperate Irish soils (Table 1) . Subsequently this has been repeated, with similar findings, for a range of soils from geographically dispersed temperate regions in Europe. Extensive analysis of one specific Irish soil has yielded a total of 53 aerobic thermophilic bacterial isolates that when subjected to amplified ribosomal DNA restriction analysis (ARDRA; CfoI and HaeIII) were divided into 20 different groups. Sequencing of the 16 S rRNA gene from a representative isolate of each group found that two species, G. thermoleovorans (50% of isolates) and G. caldoxylosilyticus (35% of isolates), predominated at the site whereas no strains of G. stearothermophilus were isolated. The remaining isolates were accounted for by existing Geobacillus species, and also contained one isolate that by 16 S rRNA sequence similarity appears to represent a novel Geobacillus species (results not shown). The recovery of these Geobacillus isolates raises questions as to the role that such bacteria play in cool environments. Whereas the minimum detectable growth temperature described for these Geobacillus isolates appears to be 45
, a temperature not reached in the soils that we have studied, it is possible that extremely slow growth at more environmentally realistic temperatures may occur. Indeed the abundance and genetic diversity of the Geobacillus isolates recovered from Irish soils would suggest that these bacteria are not 'artifacts' but have a role of some significance.
Applications
Industrial interest in Geobacillus species has arisen from their potential applications in biotechnological processes, for example as sources of various thermostable enzymes, such as proteases [15] , amylases [16] , lipases [17] and pullanases [18] . Geobacillus species also have potential in generating products for industrial uses such as exopolysaccharides [19] . In addition two strains of G. thermoleovorans have been described as producing large bacteriocins that exhibited a lytic activity on other strains of G. thermoleovorans and also a range of bacteria of medical importance including Salmonella typhimurium [20] . A variety of potential environmental biotechnology applications involving Geobacillus species have been described, perhaps unsurprising given the seemingly ubiquitous capability of Geobacillus species to metabolize hydrocarbons [21] . Our own group has also identified two novel applications for Geobacillus species, firstly in metabolizing herbicides and therefore being potential sources of genes for use in agricultural biotechnology, and secondly as having the ability to disrupt quorum sensing in certain Gramnegative bacteria.
Herbicide metabolism
Organophosphonates, characterized by the presence of a carbon-to-phosphorus bond, are of widespread occurrence in the environment. Natural and synthetic organophosphonates are of importance, with the latter being extensively utilized in the chemical industry [22] . The most important uses of synthetic organophosphonates is as herbicides with glyphosate, the world's leading agrochemical, worth in excess of US$1 billion per year to its manufacturer, Monsanto Co., St. Louis, MO, U.S.A. G. caldoxylosilyticus T20, isolated from domestic central heating system water, was found to be capable of metabolizing a range of organophosphonates including the herbicide glyphosate as sole phosphorus source [12] . Whereas many bacteria with similar capabilities have been described in the literature [22] , this isolate was unique in that AMPA (aminomethylphosphonate) was released to the culture supernatant during growth upon glyphosate. In addition, in cell extracts prepared from G. caldoxylosilyticus T20 growing on glyphosate, a glyphosate-oxidoreductase-type activity, producing stoichiometric amounts of AMPA and glyoxylate, was detectable. While conversion of glyphosate to AMPA is the accepted mechanism for detoxification of this herbicide in soil [23] no micro-organism that conclusively exhibits this capability has been isolated from soil. To date, our understanding of this phenomenon is based almost exclusively upon work carried out by Monsanto Co. on microbes within a glyphosate waste-treatment plant that metabolize the herbicide via this pathway. Indeed gox, the gene encoding glyphosate oxidoreductase, has been cloned from a strain of Ochrobactrum anthropi isolated from such a treatment facility, and used by Monsanto to genetically modify canola and other crop plants for enhanced herbicide resistance [24] . Further analysis is required but it seems likely that thermophiles, such as Geobacillus, may provide an as yet untapped resource of genes for use in agricultural biotechnology.
Quorum quenching
The cell-density-dependent regulation of gene expression, or 'quorum sensing', is found in a plethora of bacterial species and plays a controlling role in a range of biological behaviour and functions including virulence expression, conjugation, biofilm formation, bioluminescence and swarming [25] . Although the target genes and regulatory mechanisms of quorum-sensing systems are extremely diverse, the general mechanism is highly conserved. Each bacterial cell produces a basal level of signal molecules that can move in and out of cells via diffusion or active transport [26] . At low cell densities these pheromones are at low concentrations, and at high cell densities the signal molecules accumulate to a sufficient concentration that allows for the activation of cognate regulatory genes [25] . Elucidation of the chemical nature of the signal molecules has revealed that Gramnegative bacterial quorum-sensing pheromones are mostly from the family of AHLs (N-acyl homoserine lactones), whereas, in Gram-positive bacteria the predominant signal molecules are peptide-based.
Since signal molecule concentration is a major component of quorum-sensing controlled pathogenicity in many agricultural and medically important bacteria, it is seen as an ideal target for antimicrobial therapy. Several possible ways of interrupting the quorum-sensing circuitry have been reported [27, 28] . One possible strategy involves the inactivation of the signal molecules via enzymic degradation and is referred to as quorum quenching. Enzymes involved in this process either cleave the acyl side chain from the homoserine lactone component via an AHL-acylase [28] or break open the lactone ring through the activity of an AHL-lactonase, encoded for by the gene aiiA [29] . The presence of lactonase activity has so far only been reported in a range of toxin-producing Bacillus species including B. cereus, B. thuringiensis and B. anthracis. Recent work in our laboratory has however shown that many Geobacillus isolates also possess the ability to degrade AHLs (results not shown). In order to investigate the mechanism by which AHL disruption was mediated in these isolates, nucleotide primers described previously as being specific for the aiiA gene in B. thuringiensis [30] were used to screen each isolate. In one case, G. thermoleovorans T70, a PCR product of the expected size (900 bp) was obtained ( Figure 1 ) and upon sequencing of the product it was found that there was greater than 99% similarity to the aiiA gene described previously by Lee et al. [30] . At present it is unclear if mechanisms other than lactonase activity account for the ability of Geobacillus isolates to degrade AHLs; however, it is clear that the ability to quorum quench is much wider spread through Bacillus and related genera than previously thought. Further studies are necessary to clarify if this metabolic capability has any environmental relevance for Geobacillus species, or indeed any other bacterium.
Genomics
Genomic investigation of bacterial species important in medicine, biotechnology and the environment continues apace. The information obtained has begun to inform not only our understanding of microbiology but also general theory in cell and evolutionary biology. The genome sequences of a number of Bacillus species have been completed (B. subtilis [31] , B. halodurans [32] and B. anthracis [33] ) whilst Takami et al. [34] recently reported the complete nucleotide sequence of the alkaliphilic and halotolerant Oceanobacillus iheyensis. This abundance of genomic information has allowed comparative genomic studies to be made between phylogenetically related bacterial species. Analysis suggests that the backbone of the genus Bacillus is composed of some 350 genes whereas specific sets of genes could be identified whose presence were essential for adaptation to extreme environments [34] .
Although Geobacillus may be a recently described genus, considerable genomic information is available due to the ongoing genome sequencing projects of G. stearothermophilus at Oklahoma State University and G. kaustophilus at the Japan Marine Science and Technology Centre. We also hope to make our contribution to the understanding of Geobacillus with a genome sequencing project that commenced in June 2003 on G. thermoleovorans T80. It is hoped that comparative genomic analysis will help to understand adaptations made within the thermophilic bacilli compared with related mesophilic strains.
